Abstract: An equivalent-asymmetric coupling coefficient (EACC) distributed feedback laser (DFB) semiconductor laser with equivalent-half apodization grating (EHAG) structure is proposed and experimentally demonstrated for the first time; the EHAG profile is equivalently realized by linearly changing the duty cycle of a sampled Bragg grating along the one half cavity, while that of the other half cavity is kept uniform. Compared with the equivalent-symmetric coupling coefficient DFB laser, the simulated intensity distribution of the EACC DFB laser shows that the light power is concentrated not only on near the phase-shift region and that the power at the front end is enlarged. Therefore, the longitudinal spatial hole burning may be reduced; the output efficiency and the singlemode stability may be improved. The experimental results show that the output power ratio between the front and rear facets is about 2.17 and the side-mode suppression ratios are over 50 dB when the injection current is in the range from 60 to 200 mA.
Introduction
A !=4-shifted DFB laser with perfect AR-coated facets is an idealized source from the viewpoint of the stable single longitudinal mode (SLM) operation. However, since only one facet is used for the signal in this laser, its output efficiency is reduced significantly due to its symmetric output power at both facets. To overcome this problem, the output power from one facet can be increased by introducing an asymmetric structure into the !=4-shifted DFB laser, to realize the asymmetric structure, advanced DFB lasers with sophisticated grating structures were proposed: 1) The reflectivity of both end facets are asymmetric [1] , 2) the !=4-shift position is moved away from the center of the DFB region [2] , 3) the coupling coefficients in both regions divided by the !=4 shift are changed, respectively [3] . In the first method, SLM property is strongly influenced by the random phase at the facet with a high reflectivity [2] , [4] , [5] . As a result, we must evaluate their lasing properties one by one, with which, the manufacturing cost were substantially increased. In the second method, the output efficiency of the DFB laser can be significantly improved by moving the phase shift toward the front facet [6] , [7] . However, the side mode suppression ratio (SMSR) deteriorates as the asymmetry increases. The reason is, because the asymmetric distributions of photons and carriers along the laser cavity, which can intensify the longitudinal spatial hole burning (LSHB) caused by the phase shift, therefore, multiple longitudinal modes would be generated [8] . In the third method, it is difficult to respectively control the coupling coefficient, because their fabrication processes based on the traditional technology is complicated. Therefore, it is hard to fabricate the true-asymmetric coupling coefficient along the laser cavity. Therefore, a new method with flexibility, high precision and low cost is highly expected.
Recently, the reconstruction-equivalent-chirp (REC) technology was proposed and successfully applied to design and fabricate the DFB laser and monolithic laser array [9] - [11] , it has some attractive advantages such as low cost, high yield, high repeatability, and all kinds of complex structures can be fabricated on one wafer at the same time [12] - [15] .
In this paper, we propose an equivalent-asymmetric coupling coefficient (EACC) DFB laser with asymmetric output power from the two facets based on the REC technology. In our design, a %-equivalent phase shift (EPS) is inserted in the middle of the laser cavity, so the whole laser cavity is divided into two sections by the EPS region. The asymmetry of the coupling coefficient is realized by linearly changing the duty cycle of the Sampled Bragg grating (SBG) along the one of the two sections, meanwhile, the duty cycle of the other section is kept uniform. That is to say, a kind of equivalent-half apodization grating (EHAG) is designed to realize the asymmetric coupling coefficient (ACC) DFB laser. Such ACC DFB laser is difficult to realize by using the traditional technology. The reason is, because it is hard to realize the true-continuous variation in the duty cycle of the uniform grating along the laser cavity, but based on the REC technology, the EHAG structure can be obtained by using specially designed sampling pattern. More importantly, it can be easily fabricated only by combining conventional holographic exposure with a corresponding "m-level photolithography. The other processes are the same as that of the conventional DFB lasers. Therefore, the cost is greatly reduced and the yield is also improved.
Principle and Design
The index modulation of a Sampled Bragg grating (SBG) with the uniform seed grating can be expressed as
where Ã 0 is the period of the uniform seed grating, z is the position along the laser cavity, Án s is the index modulation of the uniform seed grating, and sðzÞ is a sampling function, if there is no chirp and/or phase shift in a sampling structure, which can be expressed as
where P is the sampling period, m denotes the mth-order Fourier series, and F m is the Fourier coefficient of the mth-order sub-grating, therefore, (1) can be expressed as
where Ã m is the equivalent period of the mth-order sub-grating, which can be expressed as
If one sampling period is increased ÁP at position z 0 , the index modulation of the mth-order sub-grating will be
According to (5) , an equivalent phase shift (EPS) m ¼ À2m%ÁP=P can be obtained in the mth-order sub-grating. Moreover, based on the Fourier analysis, if the coupling coefficient of the uniform seed grating is 0 then the coupling coefficient of the mth-order sub-grating in the SBG is [16] m ¼ 0 sinð%mÞ %m expðÀi%mÞ (6) where is the duty cycle of the sampling structure, and it is defined as the ratio between the length with uniform seed grating in one sampling period and the sampling period P. From (6), it can be seen that m 0 ¼ sinð%mÞ %m expðÀi%mÞ (7) which is defined as a proportional factor ðf Þ of the coupling coefficient in the mth-order subgrating, for simplicity, here the absolute of the f is investigated only. It is not hard to see f is the function of the duty cycle and the order of Fourier series in SBG, as shown in Fig. 1 . From Fig. 1 , when ¼ 0:5, f has the largest value, that is to say, among all channels except for the 0 th -order channel in a SBG, the coupling coefficient in the AE1st-order channels are the highest. Therefore, the AE1st channels are preferred to be used in semiconductor lasers based on the REC technology, and 0.5 is the optimum duty cycle of a SBG. The equivalent apodization can be obtained in corresponding channel when the duty cycle of the sampling structure is changed along the SBG. Moreover, the change of duty cycle is arbitrary, therefore, all kinds of equivalent apodization can be flexibly designed, and various variations in coupling coefficient can be equivalently realized by accordingly changing the duty cycle of the SBG.
As shown in Fig. 2 , our designed SBG structure is divided into two sections by the EPS region. We call the left section end the rear facet and the right section end the front facet, f and r are the coupling coefficients of the both sections, P f and P r are the output powers from the front and the rear facets, respectively. The duty cycle of the left section is kept uniform while that of the right section is linearly changed along this one half cavity, that is to say, equivalenthalf apodization (EHA) is introduced into our structure to form the EACC profile. Usually, the duty cycle of the left section r is 0.5, and the duty cycle of the right section is changed from 0.5 to 0.0 or 1.0. f indicate the duty cycle of the right section. In order to measure the degree of the equivalent apodization in the right section, the factor of equivalent apodization ðF EA Þ is defined as the proportion of the variable quantity of the duty cycle in this one half cavity to the optimum duty cycle, i.e., F EA ¼ Á f =0:5.
Simulation Analysis
The static characteristics of the EACC DFB semiconductor laser with different F EA are simulated by the transfer matrix method (TMM), the sampling period P is 6.0 "m. As a comparison, the light intensity distribution of an equivalent-symmetric coupling coefficient (ESCC) DFB laser is also simulated, as shown in Fig. 3 . The light power is highly concentrated on near the EPS region of the ESCC DFB laser, which causes lower external quantum efficiency [17] , and the SLM operation will be damaged by the LSHB under the higher injection current. The intensity distributions of the EACC DFB laser become asymmetric. The intensity at the front end is increased and the intensity at the rear end is decreased with the F EA increasing, and the light intensity is not focused on near the EPS region, the LSHB will be reduced in EACC DFB laser comparing with the ESCC DFB laser. As a result, the output power from the front facet P f is larger than P r , and good SLM operation may be realized when an optimum F EA is selected.
Fabrication and Experimental Results
The device is fabricated by a conventional two-stage lower-pressure metal-organic vapor phase epitaxial (MOVPE). The structure of the proposed EACC DFB laser is schematically shown in Fig. 4 . An InP buffer layer, a graded In 1ÀxÀy Al x Ga y As as lower separate confinement heterostructure (SCH), a multiple quantum-well (MQW) active structure and a graded In 1ÀxÀy Al x Ga y As as upper SCH and so on are successively grown on an n-InP substrate in the first epitaxial growth. The MQW structure contains five undoped 6 nm-thick 1.2% compressive strain InAlGaAs quantum wells and six undoped 9 nm-thick 0.45% tensile strain InAlGaAs barriers. The seed grating and sampling structures are formed by the holography technique and conventional photolithography on a uniform narrow band gap InGaAsP layer. In our experiment, the cavity length is 600 "m, and the period of the seed grating is 256.29 nm. The Bragg wavelength of 0th channel is located at 1630 nm. The þ1st sub-grating used as resonator whose wavelength is near the material gain curve peak around 1550 nm. The sampling period is 5.172 "m; because the minimum line width of the photo mask is 1.1 "m, the duty cycle of the left section is 0.5 while that of the right section is changed from 0.5 to 0.2, so the coupling coefficient r is larger than f . Both facets of the chip-bar were AR-coated. Except the sampled grating, all of the other fabrication processes are the same as the normal DFB laser.
The power-current (P-I) curves from the front and the rear facets of the EACC DFB laser, and the ESCC DFB laser at 25 C are measured, as shown in Fig. 5 , and the measured P-I curves from the front facet under different surrounding temperatures are plotted in Fig. 6 . The slope efficiency (SE) of the ESCC DFB laser is only 0.135 W/A. For the EACC DFB laser, the SE from the front facet is 0.198 W/A while that of the rear facet is only 0.093 W/A, and therefore, the SE from the front facet of the EACC DFB laser is increased by 46.6%. From the Fig. 6 , the SE from the front facet of the EACC DFB laser is decreasing with the temperature increasing, but also which still reach up to 0.160 W/A even at 55 C. Additionally, it can be seen that the output power ratio P f =P r between the front and rear facets of the EACC DFB laser is about 2.17 other than 1.0 for the ESCC DFB laser, as shown in Fig. 5 . Therefore, the asymmetric output power is obtained in our designed EACC DFB laser, and the output efficiency from the front facet is increased comparing with the ESCC DFB laser fabricated on the same wafer.
However, the threshold of the EACC DFB laser is about 25.45 mA, which is a little larger than the ESCC DFB laser of about 20.4 mA. Additionally, the slope efficiency is relatively low. The reason is, because the active region of the laser increases accordingly with the cavity length increasing, compared with a short cavity laser, the long cavity laser has a much lower current density in the active region at the same bias current. Therefore, the long cavity laser has a higher threshold current and the ratio between the output power and the bias current is smaller. Consequentially, the slope efficiency of a long cavity laser is also lower than that of a short cavity laser. It is a common problem for all long cavity lasers. Moreover, in the EHAG structure, the effective refractive index reduces with the duty cycle decreasing or increasing compared with the optimal value (0.5). Therefore, the loss increases and the coupling efficiency is low in the EHAG structure, to achieve the threshold condition, the threshold current becomes large. Finally, the AR/AR coating is used to avoid the random facet phase and to improve the precision of the lasing wavelength, but the AR/AR coating can result into decreasing the slope efficiency from one facet and increasing the threshold current [18] . The above issues will be improved by optimizing the waveguide structures, such as the reverse-mesa ridge waveguide [19] and the buried heterostructure waveguide structure [20] , [21] , or improving the etching depth of the uniform seed grating.
The measured lasing spectrums from the front and rear facets at bias current of 40 mA and 200 mA with the temperature 25 C, respectively, and the measured side-mode-suppressionratios (SMSRs) from the front and rear facets when the bias current changes from 40 mA to Fig. 7(d) , respectively, it can be seen that the output power from the front facet P f is always larger than that from the rear facet P r at the same injection current. The measured lasing spectrums and the corresponding SMSRs from the front facet at the bias current of 120 mA are plotted in Fig. 8 when the surrounding temperatures are 25 C, 35 C, 45 C, and 55 C, respectively. Though the bias current is larger and the chip temperature is higher, good SLM operation is obtained with the minimal SMSR of 53.91 dB, as shown in Fig. 8(b) . Fig. 9 . shows the lasing wavelengths of the EACC DFB laser under different bias currents and temperatures. It can be seen that the lasing wavelength will have a red shift of about 12 pm/mA, which agrees well with the values previously reported for phase-shifted DFB lasers [9] , this rate is lower than that of DFB lasers without a quarter-wave phase-shift (typically > 30 pm=mA [19] ), thus the lasing mode of EACC DFB lasers with a %-EPS is more stable than the DFB lasers without phase-shift [22] . The wavelength shift with the current increasing is mainly caused by the bias current induced refractive index change and/or is caused by the instability of the lasing mode, and the wavelength red shift ratio with temperature is about 0.1 nm/ C. 
Conclusions
The EACC DFB semiconductor laser with EHAG structure is proposed and experimentally demonstrated. Compared with the ESCC DFB laser fabricated on the same wafer, the slope efficiency from the front facet of the EACC laser is improved by 46.6%. Asymmetry of the output power from two facets and good SLM operation are obtained, even at large injection current and high temperature. The equivalent method based on the sampled grating structure may be more suitable for the high precision and massive fabrication of ACC DFB laser in photonic integration with improved slope efficiency and stable single longitudinal mode operation.
